Introduction; Streptococcus sobrinus exhibits marked dextran-dependent aggregation mediated by GBPs. In contrast to Streptococcus mutans, in which the gbpC gene responsible for dextran-dependent aggregation of this organism has been characterized, genes encoding the S. sobrinus GBPs have not yet been identified.
Introduction
Streptococcus sobrinus and Streptococcus mutans, two species of the mutans streptococci (MS), are established as two major pathogens associated with human dental caries and reside in oral biofilms, dental plaque, attached to tooth surfaces (11) . Many genes encoding putative virulence factors involved in dental caries including surface protein antigens or glucosyltransfereses (GTFs) have been identified from both S. sobrinus and S. mutans with studies carried out during the past two decades (10) . These studies confirmed the glucan-binding properties of GTFs and led to the isolation of non-GTF glucan-binding proteins (GBPs) (2) . In contrast to GTFs, non-GTF GBP genes responsible for dextran-dependent aggregation in S. sobrinus have not yet been identified, although five proposed GBPs with two of them, GBP2 (26) and GBP4 (12) , as candidate proteins for this phenomenon have been reported (24) . Dextran-dependent aggregation was originally reported for S. sobrinus and S. criceti strains and has been regarded as specific for these two species (6) . Epidemiological studies have indicated that S. sobrinus is more frequently isolated from highly caries-susceptible patients compared to S. mutans (7) . In addition, the cariogenic potential in rats of S. sobrinus is greater than that of S. mutans (5) . Therefore, it is important to characterize the genes responsible for dextran-dependent aggregation in S. sobrinus.
Streptococcus sanguinis also expresses GTF activity able to synthesize glucans rich in alpha-1,6 linkages (9). Colonization of the sanguinis group of streptococci on human tooth surfaces precedes that of the MS (3). Therefore, when MS cells colonize the dental plaque biofilm, cell-associated GBPs of the MS are likely to be important in allowing these organisms to adhere (13, 20) to preformed plaque mediated by glucans synthesized following the colonization by the antecedent sanguinis group.
Four GBPs of S. mutans were designated in the order of their discovery and the genes responsible for these GBPs were designated as gbpA, gbpB, gbpC, and gbpD (1, 4, 14, 21, 23) . Among the S. mutans GBPs, only the GbpC protein was associated with the cell wall by covalent linkage mediated by the extracellular sortase enzyme (17) , as a wall-anchored protein (a LPXTG-motif protein). This wall associated GbpC was regarded as one of the virulence factors of this organism (16) and was solely involved in dextran (alpha-1,6 glucan)-dependent aggregation (21) . Therefore, the present consensus regarding aggregation is that S. sobrinus aggregates more readily than S. mutans and the conditions for aggregation of S. mutans are more limited than those for S. sobrinus, e.g. cells grown under certain defined stress conditions (2). Recently, we identified a gbpC gene homologue in latter species, and subsequent Southern hybridization analysis unexpectedly exhibited cross hybridization of the S. macacae gbpC gene homologue probe with all other mutans streptococcal DNA (19) .
In this communication, we describe the presence of two gbpC gene homologues on the S. sobrinus chromosome. Furthermore, one, but not the other, is likely involved in dextran-dependent aggregation of this species.
Materials and Methods
Bacterial strains and plasmids.
S. sobrinus strain 100-4 (serotype d/g clinical isolate of our laboratory) was used for the identification and cloning of the gbpC gene homologues and the serotype of this strain was confirmed with antiserum kindly provided by K. Fukushima, Nihon University, School of Dentistry at Matsudo, Japan. S. sobrinus strain OMZ176 (serotype d) was provided by K. Fukushima 25 years ago and kept frozen in our laboratory and was used as a reference for sequence analysis of the homologues. The streptococci were maintained and cultured in Todd-Hewitt (TH) broth/agar plates. Escherichia coli strain TOP10 obtained from a commercial supplier (Invitrogen, Carlsbad, CA, USA), was used as a host for plasmid pBAD/His and its derivatives.
Amplification of gbpC homologues from the S. sobrinus chromosome by the polymerase chain reaction.
The polymerase chain reaction (PCR) primers used in this study are listed in Table 1 . Primers YF2 and YR2 were the same as those used in the previous report (19) to amplify an internal fragment of the S. macacae gbpC homologue as an initial amplicon. This initial PCR amplification was carried out with high fidelity PfuTurbo hot start DNA polymerase (Stratagene Corp., La Jolla, CA). A genome walking library was constructed based on nucleotide sequence information obtained from the initial amplicons with the Universal GenomeWalker Kit (BD Biosciences Clontech, Palo Alto, CA) as described previously (19) .
Nucleotide sequencing and sequence analysis.
The amplified fragments were purified with a QIAquick PCR Purification Kit (Qiagen GmbH., Hilden, Germany) or with a QIAquick Gel Extraction Kit (Qiagen). The corresponding regions were directly sequenced with a BigDye Terminator Cycle Sequencing FS Ready Reaction Kit using the primers listed in Table 1 Osaka, Japan)). The amplified fragments were then ligated in-frame to the 5' histidine-tag region of expression vectors pBAD/HisA or pBAD/HisB (Invitrogen). Transformation with E. coli strain TOP10, selection and analyses of the resulting clones, induction of homologue proteins, and the preparation of crude extracts by ultrasonication were carried out as described previously (19) .
Clones for the two GbpC proteins designated respectively as ZBM1 and ZCQ1 were used throughout these experiments.
Protein sample preparation, SDS-PAGE, and Western blot analysis.
The two S. sobrinus GbpC proteins were overexpressed from E. coli clones ZBM1 and ZCQ1 respectively. Following disruption of the cells by sonication, His-tagged proteins were purified with Ni-Sepharose 6 Fast Flow resin (Amersham Biosciences) according to the supplier's recommendation. The ZBM1 cells disrupted by sonication were also subjected to incubation overnight with 10 ml of Sephadex G100 resin equilibrated with phosphate buffered saline (PBS) and the resin was collected of a glass-filter. Following washes with PBS on the glass-filter, proteins bound to the Sephadex resin were eluted off with 15 ml of 3 M guanidine-HCl. Eluates were then dialyzed, lyophilized, and rehydrated with Milli-Q water.
Preparation of wall protein extracts from S. sobrinus strains was carried out as described previously (15) µl Milli-Q water as described above. Proteins in a supernatant of S. sobrinus strain OMZ176 BTR broth (22) culture were also conventionally precipitated with 65% saturated ammonium sulfate and were concentrated to 1000 fold. These streptococcal sample extracts and the proteins from the induced E. coli cells harboring the overexpression plasmids or v ector controls described above were mixed with SDS sample buffer and frozen until electrophoretic analysis using the Laemmli-gel system.
Following SDS-PAGE, the separated proteins were electrophoretically transferred (Horizblot AE6675, ATTO, Tokyo, Japan) to a PVDF membrane (Immobilon-P™, Millipore Corporation, Bedford, MA) and Western blot analysis was carried out as described previously (19) with either Penta-His HRP Conjugate antibody (Qiagen), anti-GBP2 kindly provided by D.J. Smith (Forsyth Institute), or anti-Dbl(ZCQ1) serum, which was prepared using the His-tagged protein purified from ZCQ1 cells described above injected into a female Japanese white rabbit (Operon Biotechnologies, Inc., Tokyo, Japan)
Glucan-binding assay and detection of dextran-dependent aggregation.
Glucan-binding assays of the two GbpC homologue proteins respectively purified from induced ZBM1 and ZCQ1 cells were carried out as described previously (19) Dextran-dependent aggregation was observed visually as described previously (19) .
Nucleotide sequence accession number.
The nucleotide sequence data reported in this communication will appear in the DDBJ, EMBL and GenBank nucleotide sequence databases under accession numbers AB237533, AB237534. AB237535, and AB241126
Results
Amplification of a gbpC gene homologue in S. sobrinus strain 100-4.
Southern hybridization analysis of S. sobrinus chromosomal DNA probed with a S. macacae gbpC gene homologue fragment in our recent report (19) suggested that S. sobrinus also contains a homologous gene. We initially attempted PCR amplification using S. sobrinus chromosomal DNA as template with two primer sets with which the S. macacae gbpC partial fragments could be amplified.
Amplification with one primer set was negative but PCR with the other primer set (YF2 and YR2) revealed an approximately 0.3 kb major band and a 0.7 kb faint band (Fig. 1a) following agarose gel electrophoresis of the amplification mixture. The 0.3 kb fragment (YF2-YR2) was excised from the gel, purified, and directly sequenced.
A 266 bp nucleotide sequence was determined and had 62.0% and 6 6.2% homologies with the corresponding 260 bp sequences within the S. mutans gbpC gene and the S. macacae homologue, respectively. Therefore, we carried out PCR-based chromosomal walking as described under Materials and Methods to obtain upstream and downstream regions. sobrinus strain 100-4.
We have described above that we also observed faint amplified bands in the agarose gel electropherogram of the same sample from which the ZBM1 gbpC gene homologue was identified. Since we predicted that these faint bands may be a part of another homologue, the 0.7 kb fragment (Fig. 1a) was excised f rom the gel, purified, and used as a template for subsequent PCR with the same primer set. This amplification still revealed two (0.7 kb and 0.3 kb) bands (Fig.   1b) and an additional round of excision, purification as a template, and amplification was performed (Fig. 1c) . The resultant amplification product was sequenced and subjected to a homology search. As a result, a 689 bp nucleotide sequence encoding a 229 amino acid sequence was detected and the C -terminal two thirds (88-229 aa) of the amino acid sequence was similar to a part (288-428 aa) of the S. mutans GbpC protein sequence with a 34% identity and 50% similarity. Therefore, we carried out PCR-based chromosomal walking (Fig. 3a, 3b ). Both the GbpC and Dbl proteins migrated larger (80 and 200 kDa) than their calculated molecular sizes, as does the S. mutans GbpC protein.
The glucan-binding assays for the GbpC and Dbl proteins were then carried out with BSA used as a negative control. The GbpC protein unexpectedly exhibited no alpha-1,6 glucan-binding activity. In contrast, the Dbl protein exhibited significant glucan-binding activity dependent on dextran concentrations (Fig. 4) . We also determined whether or not the GbpC protein expressed alpha-1,3 glucan-binding activity as described previously (19) because S. sobrinus synthesizes water-insoluble glucan containing relatively long chains consisting of alpha 1,3 glycoside linkages. However, the results were uniformly negative (data not shown). In spite of negligible alpha 1,6 and 1,3 glucan-binding activities for the GbpC protein, when overexpressed ZBM1 cells disrupted by sonication were subjected to incubation with Sephadex resin, the GbpC protein was recovered from the resin as His-tagged protein (Fig. 3a, 3b) . In this respect, the GbpC protein behaved as a glucan-binding protein.
In contrast, the His-tagged Dbl protein was not efficiently recovered as Sephadex-binding protein (Fig. 3c, 3d ) when overexpressed ZCQ1 cells were subjected to the same procedure as described above for ZBM1 cells.
Sequence analyses of the gbpC and dbl genes in S. sobrinus strain
OMZ176.
Strain 100-4 was selected for these experiments since this strain exhibited the highest and most stable dextran-dependent aggregation phenotype in our culture collection. In contrast to strain 100-4, OMZ176 did not exhibit dextran aggregation following growth under any of the growth conditions that we examined. Therefore, we expected that strain OMZ176 might have undergone a mutation in a gene responsible for the aggregation phenotype. The gbpC and dbl genes in strain OMZ176 were amplified and sequenced with primers listed in Table 1 
Western blot analysis of glucan-binding proteins expressed in S.

sobrinus.
There are the problems with transforming S. sobrinus that preclude performing gene-knockout experiments. Therefore, we employed S. sobrinus strain OMZ176 that does not exhibit dextran-dependent aggregation. This strain was not expected to express a Dbl protein tethered to its cell wall because a truncation of this protein resulted in the loss of its LPXTG motif. To confirm this, wall extracts from both strains 100-4 and OMZ176 and a culture supernatant concentrated with ammonium sulfate from strain OMZ176 were examined by Western blot analysis using anti-Dbl(ZCQ1) serum.
A strong positive band around 170 kD was observed in a wall extract from strain 100-4 in contrast to no corresponding band in strain OMZ176 (Fig. 5a) . A predicted truncated Dbl protein with a calculated molecular size of 61.4 kDa from OMZ176 was detected in a culture supernatant concentrated with ammonium sulfate as an approximate 65 kDa band. These results support the conclusion that the Dbl protein is involved in dextran-dependent aggregation of this species. We also examined expression of the GBP2 protein in culture supernatants concentrated with Sephadex resin from both strains, since the S. sobrinus GBP2 (87 kDa GBP) was suggested to be involved in dextran-dependent aggregation of this species (26) . Anti-GBP2 serum reacted with an approximately 85 kDa protein in culture supernatants with the same intensities for the two strains (Fig. 5b) . This result suggests that GBP2 is not involved in dextran-dependent aggregation.
Discussion
GTFs from MS synthesize glucans consisting of alpha-1,3 and alpha-1,6 glycosidic linkages and are also members of the GBP family.
However, one of non-GTF GBPs, GbpC protein, was found to be solely involved in dextran-dependent aggregation in S. mutans (21) . S. sobrinus exhibits robust dextran-dependent aggregation. Therefore, the presence of a causative gene for this phenomenon has long been predicted in this species. Based on our recent Southern hybridization results suggesting that S. sobrinus might have a gbpC homologue, we carried out PCR amplification and identified two. One designated as the dbl gene encoded a protein exhibiting alpha 1,6 glucan-binding activity, while the other designated as the gbpC gene did not (Fig.   4) . The S. sobrinus dbl gene encoded a wall-anchored protein possessing a LPXTG motif (Fig. 2) by which the extracellular sortase enzyme tethers the protein to cell wall peptidoglycans. Igarashi et al. (8) demonstrated that a S. mutans sortase enzyme mediated the cell wall-anchoring of the GbpC protein and that a sortase-mutant of this organism lost the dextran-dependent aggregation phenotype.
Therefore, in respect to cell-association and dextran-binding, the S. sobrinus dbl gene provides the necessary conditions for a candidate gene responsible for dextran-dependent aggregation of this organism.
In addition, the dbl gene in strain OMZ176 contained a single adenine nucleotide insertional mutation resulting in translation of a premature protein missing the LPXTG motif and, as a consequence, this strain did not exhibit dextran-dependent aggregation.
Therefore, the dbl gene is very likely responsible for this phenotype, although we cannot exclude the possibility that another gene involved in dextran-mediated aggregation was inactivated in strain OMZ176.
In contrast to the GbpC and Dbl proteins covalently linked to cell wall, the GBP2 protein was mainly isolated from the culture supernatant (24, 26) . Therefore, GBP2 apparently lacks an apparent mechanism for associating with cells for involvement in dextran-dependent aggregation. Our data indicated that GBP2 was detected at similar levels from the supernatants of both aggregation positive and negative strains (100-4 and OMZ176). Furthermore, Ma et al. also reported that both spontaneous and ethyl methane sulfonate-induced S. sobrinus mutants deficient in glucan-induced aggregation retained the approximately 87 kDa protein corresponding to GBP2 (12) . However, GBP2 was reported to be missing in a spontaneous aggregation negative mutant that was isolated (26) . These contradictory findings will be finally resolved following completion of the S. sobrinus genome project currently in progress at TIGR as well as further genetic analyses.
The Dbl protein showed similarity to the S. mutans, S. macacae and S. sobrinus GbpC proteins although some gaps were present in the homologous regions. This protein exhibited similarity also to a group of surface protein antigens including Streptococcus downei Antigen I/II and the Streptococcus gordonii SspA protein with a FASTA homology search (Fig. 2) . The dbl gene may be the evolutionary In conclusion, we have identified two gbpC homologues in S.
sobrinus. Candidate proteins responsible for the dextran-dependent aggregation phenotype of S. sobrinus were reported a decade ago.
However, no genes responsible for this phenotype have been identified up to now. We now suggest that t he novel dbl gene in S. sobrinus, but not the gbpC homologue, is a logical candidate responsible for the dextran-induced aggregation phenotype. Abbreviations as wall and sup respectively represent wall extracts and concentrated culture supernatants prepared using Sephadex resin (SDX) or using ammonium sulfate (conc) as described in the text. Amounts of sample proteins applied to the gels were 200 ng of wall extracts and 100 ng of supernatants from each strain analyzed with anti-Dbl(ZCQ1) (a) or anti GBP2 (b) sera.
